ORIGINAL RESEARCH

QUANTIFYING FRONTAL PLANE KNEE MOTION
DURING SINGLE LIMB SQUATS: RELIABILITY AND
VALIDITY OF 2-DIMENSIONAL MEASURES

Craig R. Gwynne, MSc!
Sarah A. Curran, PhD'

[JSPT

ABSTRACT

Background: Clinical assessment of lower limb kinematics during dynamic tasks may identify individuals
who demonstrate abnormal movement patterns that may lead to etiology of exacerbation of knee condi-
tions such as patellofemoral joint (PFJt) pain.

Purpose: The purpose of this study was to determine the reliability, validity and associated measurement
error of a clinically appropriate two-dimensional (2-D) procedure of quantifying frontal plane knee align-
ment during single limb squats.

Methods: Nine female and nine male recreationally active subjects with no history of PFJt pain had frontal
plane limb alignment assessed using three-dimensional (3-D) motion analysis and digital video cameras
(2-D analysis) while performing single limb squats. The association between 2-D and 3-D measures was
quantified using Pearson’s product correlation coefficients. Intraclass correlation coefficients (ICCs) were
determined for within- and between-session reliability of 2-D data and standard error of measurement
(SEM) was used to establish measurement error.

Results: Frontal plane limb alignment assessed with 2-D analysis demonstrated good correlation com-
pared with 3-D methods (r = 0.64 to 0.78, p < 0.001). Within-session (0.86) and between-session ICCs (0.74)
demonstrated good reliability for 2-D measures and SEM scores ranged from 2° to 4°.

Conclusion: 2-D measures have good consistency and may provide a valid measure of lower limb align-
ment when compared to existing 3-D methods.

Clinical Relevance: Assessment of lower limb kinematics using 2-D methods may be an accurate and
clinically useful alternative to 3-D motion analysis when identifying individuals who demonstrate abnor-
mal movement patterns associated with PFJt pain.

Keywords: Patellofemoral joint pain, dynamic knee valgus, functional tasks

Level of Evidence: 2b

! Cardiff School of Health Sciences, Llandaff Campus, Cardiff
Metropolitan University, Wales, UK. CORRESPONDING AUTHOR

Mr Craig R. Gwynne, MSc

Written informed consent was obtained from all subjects before

participation and the study was approved by The School Cardiff School of Health Sciences, Llandaff
{{;lsiiil;cslilt;]ithlcs Committee at Cardiff Metropolitan Campus, Cardiff Metropolitan University,
Conflicts of interest and source of funding: Wales, UK.
There is no conflict of interest. E-mail: crgwynne@cardiffmet.ac.uk

This study contributing to a PhD research programme was )
supported by a bursary from the Research Capacity Building Phone : +44 (0)29 2020 1174
Collaboration (RCBC) Wales. Fax: +44 (0)29 2020 1140

The International Journal of Sports Physical Therapy | Volume 9, Number 7 | December 2014 | Page 898




INTRODUCTION

Individuals with patellofemoral joint (PFJt) pain
have been found to demonstrate abnormal lower
extremity mechanics during functional tasks such
as running,! hop landing,? step-down manoeuvres®
and single limb squats.*® Altered frontal plane knee
alignment during such activity is often expressed
as “dynamic knee valgus”® Dynamic knee valgus
is characterised by excessive knee abduction, com-
bined with femoral adduction and internal rotation
and relative external tibial rotation® and is thought
to result due to weakness or diminished or delayed
neuromuscular activation of hip musculature.®
Control of frontal plane knee motion is important,
as dynamic knee valgus during functional activity
may result in increased frontal plane loading of the
PFJt"'° and contribute to etiology or exacerbation of
PFJt pain symptoms.'*° Identification of individu-
als who demonstrate excessive knee valgus during
functional tasks may allow for identification and
modification of abnormal movement patterns.

Three-dimensional (3-D) motion analysis systems
are the established method of quantifying frontal
plane knee alignment during functional tasks due
to their high levels of accuracy and reliability.® How-
ever, the clinical use of 3-D motion analysis is lim-
ited by financial, spatial and supportive co-operative
costs associated with this system."> An alternative
to 3-D motion analysis is the use of two-dimensional
(2-D) video analysis procedures where standard
video cameras are used to capture performance of
functional tasks which are then imported into soft-
ware packages that perform kinematic analysis.!?
Therefore, 2-D video analysis may provide clinicians
with a useful tool that is a portable, inexpensive and
readily available.''*> However, although 2-D video
analysis has advantages in terms of cost and ease
of use, in order for clinicians to provide objective
clinical measures of frontal plane knee alignment,
the use of 2-D video analysis as a clinical measure-
ment tool depends on the reliability and validity of
the kinematic data it produces.

A number of studies have been conducted to exam-
ine the validity and reliability of 2-D video analysis
of movement patterns during functional tasks.!'>!
McLean et al! reported a moderate relationship
between 2-D and 3-D methods with 2-D peak fron-

tal plane knee alignment accounting for 58% to 64%
of the variance in average peak 3-D knee abduction
angle between subjects during side-step and side-
jump activities. In contrast, Willson and Davis® found
that 2-D frontal plane knee alignment reflected 23 %
to 30% of the variance of 3-D values during single
limb squats. However, the authors did note that sub-
jects with more negative 2-D values during the squats
demonstrated significantly increased knee external
rotation and hip adduction, which are important com-
ponents of dynamic knee valgus.

These studies suggest that frontal plane knee align-
ment is not a result of a single joint motion but is
likely made up of movements including hip adduc-
tion, hip internal rotation, knee valgus and tibial
external rotation."*® Two-dimensional video analy-
ses may not be able to demonstrate the same level
of accuracy as 3-D methods when quantifying each
of these movements independently. However, the
potential for a 2-D approach to assessing frontal plane
knee alignment during functional tasks should not be
discounted.

Therefore, the purpose of this study was to describe
a 2-D video capture procedure that quantifies fron-
tal plane knee alignment as a single measure (fron-
tal plane projection angle, FPPA) during single limb
squats at 60° of knee flexion. The validity of 2-D
FPPA will be determined by correlating 2-D results
with those determined from established methods
(3-D motion analysis). In addition, 2-D methods will
be assessed for reliability and associated measure-
ment error.

METHODS

Subjects

Eighteen recreationally active subjects (nine females
and nine males) were recruited. The average age of
the subjects were 31 + 9 years, average height was
171 + 9 cm, average body mass was 71 + 15 kg and
average BMI was 24 + 4 kg/m? Potential subjects
were excluded from participating if they experi-
enced lower extremity pain during functional move-
ments, had apparent gait dysfunction, had a history
of trauma or surgery to the lower limb in the past
12 months, or if they could not achieve 60° of knee
flexion during single limb squats. Written informed
consent was obtained from all subjects before par-
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ticipation and the study was approved by The School
Research Ethics Committee at Cardiff Metropolitan
University.

Data Collection

Kinematic data was collected on two different occa-
sions separated by approximately one week. On each
occasion subjects had frontal plane alignment of the
knee (FPPA) assessed during a single limb squat
manoeuvre at 60° of knee flexion; with one session
utilizing 2-D analysis methods and the second using
3-D methods, with the order of testing randomised
for each subject. Eight of the 18 subjects returned
to have 2-D FPPA assessed on one further occasion
at least 48 hours after initial 2-D testing in order to
establish between-session reliability.

A 12-camera motion capture system (Vicon MCAM]I;
Oxford Metrics Group, Oxford UK) was used to
acquire 3-D marker data during single limb squats at
a sampling frequency of 120 Hz. A modified Cleve-
land Clinic lower body marker configuration (Motion
Analysis Corp, Santa Rosa, USA) was applied to each
subject by a single experimenter. Tracking markers
(9 mm diameter) were placed with double-sided tape
over the following anatomical landmarks: bilateral
acromium processes, anteriorsuperior iliac spine
(ASIS), posteriorsuperior iliac spine (PSIS), iliac crest,
medial and lateral femoral condyles, medial and lat-
eral malleoli, calcaneus, and first, second and fifth
metatarsal heads. Lateral thigh and shank clusters
consisting of three non-collinear markers secured to
each leg also acted as tracking markers. Temporary
markers on the medial femoral condyle, medial mal-
leolus and first and fifth metatarsophalangeal joints
were used for a static calibration trial only and were
removed prior to the dynamic trials. Three usable
dynamic trials were collected for each subject.

Three-dimensional co-ordinates for the static and
dynamic trials were reconstructed and exported in
C3D format for further analysis within Vicon Nexus
1.4 software (Oxford Metrics Group, Oxford, UK).
Each trial was processed and any gaps identified
were interpolated with gaps greater than 10 frames
checked manually for errors in marker tracking. A
lower extremity kinematic model was created for
each subject using Visual 3-D motion capture soft-
ware (Version 5, C-motion Inc., Rockville, MD, USA).

The model included the thigh, shank and foot seg-
ments. All lower extremity segments were modelled
as conical frustra based on inertial parameters esti-
mated from anthropometric data.'® From the static
trial, the hip joint centres were estimated using fixed
percentages of the ASIS breadth along the x, y and
z axes. For the dynamic trials, the remaining lower
extremity markers and static trial data were used to
estimate knee and ankle joint centres. From these
segments, the FPPA was quantified using a standard
joint co-ordinate system. Based on previous work by
Yu et al,'® the 3-D marker co-ordinates were filtered
using a fourth-order, zero-lag, low-pass Butterworth
filter with a cut off frequency of 12 Hz.

Two-dimensional video footage of single limb squats
was recorded by two commercially available digital
video cameras (Sony Handycam DCR-HC37, Tokyo,
Japan) sampling at a frequency of 40Hz. Camera
one was placed at a distance of 3 m from the subject
perpendicular to the frontal plane and at the height
of the subjects knee, while camera two was placed at
the same height and distance from the subject and
perpendicular to the sagittal plane. All digital video
footage was recorded at a standard (10x) optical zoom
throughout each trial to standardize the camera posi-
tion between subjects. Digital footage recorded by
both cameras was synchronised at the point of initial
ground contact, determined using a light stimulus
within the digital video camera’s field of view.

In order to determine FPPA from 2-D video capture,
reflective markers (9mm diameter) were attached
at each ASIS, at the midpoint of the femoral con-
dyles to approximate the centre of the knee joint,
the midpoint of the ankle malleoli for the centre of
the ankle joint to approximate the radiographic land-
marks employed by Willson and Davis® (Figure 1).
The midpoints were determined using a standard
tape measure, and all markers were placed by the
same experimenter. Markers were used to deter-
mine joint centres as this method has been shown
to increase intra-and inter-rater reliability in com-
parison to manual digitisation of the joint centres
via video.'” Digital videos of each single limb squat
were imported and markers digitized using Quintic
Biomechanics software package (9.03 version 17,
Quintic Consultancy Ltd, Coventry, UK). All digitiz-
ing was performed by the same experimenter and
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Figure 1. Frontal plane projection angle (FPPA) during a
single limb squat.

each trial was re-digitized on three different occa-
sions with the mean value used for further analysis.

Frontal Plane Projection Angle (FPPA)

FPPA was calculated by measuring the angle formed
by lines drawn between the thigh and hip mark-
ers and between the ankle and knee markers (Fig-
ure 1). As described by Willson and Davis® from a
frontal view, when the knee marker was medial to
a line from the ankle marker to the thigh marker,
the FPPA was negative. The FPPA was positive if the
knee marker was lateral to a line drawn from ankle
marker to the thigh marker. Negative FPPA values
reflected knee valgus, excursion of the knee toward
the midline of the body and positive FPPA values
reflected knee varus.

The FPPA of each limb was calculated in static single
limb stance to determine starting joint positions and
then again at 60° of knee flexion. Based on previous
work by Van der Leeden et al'® the mean FPPA value
from three trials was used for analysis as this was found
to be the minimum number of measurements needed
to be able to obtain a consistent average and could also
be used to assess for within-session reliability.

Single Limb Squats

Single limb squats were performed by subjects as
described previously>'® with the experimenter pro-
viding a demonstration of the squatting technique
and providing standardised verbal instructions.
Subjects were instructed to stand barefoot on the
test limb with the opposite limb flexed at the knee
to approximately 90°. Each subject had their arms
folded in front of their body to assist with balance
and was looking straight ahead. Subjects were asked
to perform single limb squats to 60° of knee flexion
in a controlled manner and without losing balance,
before returning to the starting position.

Squatdepth waslimited to approximately 60 °'>?°in order
to avoid higher joint forces associated with increased
ranges of motion that may exacerbate knee pain symp-
toms in individuals with PFJt pain.? Each squat was
performed over a five second period at a standardized
speed with the experimenter acting as a counter. The
first count initiated the movement, the third indicated
the lowest point of the squat and the fifth indicated the
end. There was a two-minute recovery period between
squats to minimise the effect of fatigue. Trials were
only accepted if the subject appeared to squat to the 60°
minimum desired degree of knee flexion at a constant
speed and maintained balance throughout. Trials not
meeting these criteria were excluded and another trial
was collected. Prior to testing subjects practiced, four
to six times, the single limb squats in order to warm-
up and familiarize themselves with the test. Subjects
were given feedback on the depth of the squats (using a
standard goniometer) and speed of their squats during
these trials until they could consistently and accurately
perform the test movement.

Statistical Analysis

Descriptive statistics including mean, standard devi-
ation and range values were calculated for each trial.
A paired samples t test was used to test for differences
between 2-D and 3-D methods. The alpha level was
set at p <.05 for all tests. Pearson correlation coef-
ficients (r) were used to analyze association between
2-D and 3-D methods. The magnitude of correlations
were interpreted as small (0 to 0.3), moderate (0.3
to 0.5), large (0.5 to 0.7) and very large (0.7 to 1.0).%

Concurrent validity between 2-D and 3-D methods
was graphically illustrated using a Bland-Altman
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Table 1. Descriptive statistics of 2-D and 3-D measures during single limb stance and single limb

squats.
METHOD FPPA (°) SD 959% CI SEM (°)
2-D (STANCE) -4.88 2.94 -6.34 to -3.42 0.69
3-D (STANCE) -6.44 4.14 -8.50 to -4.38 0.98
2-D (SLS) -7.80 7.33 11.45 to -4.16 1.73
3-D (SLS) -6.83 6.53 -10.07 to -3.58 1.54

FPPA = frontal plane projection angle; SD = standard deviation; CI = confidence
interval; SEM = standard error of measurement; 2-D = two dimensional motion
analysis; 3-D = three dimensional motion analysis.

plot,” which charts the difference between FPPA val-
ues calculated by the 2-D and 3-D methods against
the combined mean to allow visualization of the
direction of dispersion of each data point from the
combined mean. Good agreement between methods
is indicated if' variation between upper and lower
limits of agreement is low (< 5°).*

The relative reliability for 2-D FPPA measurements
was determined by calculating intraclass correlation
coefficents (ICCs) and 95% confidence intervals (CI)
for within-session (ICC,,) and between-session reli-
ability (ICC,,).” Within-session reliability was cal-
culated based on data 2-D FPPA data collected from
three trials performed during the same session, and
between-session reliability was estimated using the
mean of three trials performed when eight subjects
were re-tested seven days post initial testing. ICC val-
ues were interpreted according to criteria outlined by
Coppieters et al:* poor < .40, fair .40 to .70, good .70
to .90, and excellent > .90. All statistical analysis was
conducted using SPSS (Version 20.0 Chicago, IL, USA).

Measurement error scores were established by cal-
culating the standard error of measurement (SEM).
The SEM provides a value for random measurement
error in the same unit as the measurement itself,
quantifies within-subject variability, and reflects the
amount of measurement error for any given trial
(within-session reliability) and for any test occasion
(between-session reliability).”

RESULTS

Descriptive statistics for 2-D and 3-D FPPA during
stance and for the single limb squats are presented
in Table 1. The first aim of the study was to compare
FFPA assessed using 2-D analysis to FPPA measures

Table 2. Pearson correlation coefficients (v) and p values

demonstrating correlation between 2-D FPPA and 3-D
methods during single limb squats.

FPPA r P 95% CI
Static Trial 0.64 0.002  0.25t00.85
Single Limb Squat Trial 0.78 <0.001 0.49t00.91

FPPA = frontal plane projection angle; CI = confidence interval.
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Figure 2. Scatterplot illustrating association between frontal
plane knee alignment (FPPA) assessed using 2-D (x-axis) and
3-D methods (y-axis) during single limb squats at 60° of knee
flexion.

taken from established 3-D analysis methods dur-
ing single limb stance and squats. Two-dimensional
methods were found to be highly correlated with 3-D
methods during stance (r = 0.64, p = 0.002, 95% CI
= 0.25 to 0.91) and single limb squats (r = 0.78, p =
<0.001, 95% CI = 0.49 to 0.91) (Table 2) (Figure 2).
Examination of Bland-Altman plots and calculation
of upper and lower limits of agreement indicated
that variability in difference scores between 2-D and
3-D FPPA measures fell within the pre-determined
limit of 5° (Figure 3). The second aim of the study
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Figure 3. Bland-Altman plot demonstrating agreement
between methods. The solid horizontal line represents the mean
differences, and dashed lines the 95% limits of agreement.

Table 3. Within- and between-session reliability of 2-D

FPPA measures.

ICC 95% CI SEM (°)
Within-day 0.86 0.94 to 0.72 2.10
Between-day 0.74 0.18 t0 0.97 3.82

FPPA = frontal plane projection angle; CI = confidence interval;

SEM = standard error of measurement.

was to examine within-session, between-session and
associated measurement error of 2-D FPPA during
single limb squats. Two-dimensional FPPA measures
demonstrated good within-session (ICC, , = 0.86,
95% CI = 0.94 to 0.72), and between-session (ICg,
.= 0.78,95% CI = 0.18 to 0.97) reliability. SEM val-
ues for 2-D FPPA ranged from 2° to 4° (Table 3).

DISCUSSION

Previous researchers have suggested that abnormal
frontal plane alignment of the knee during func-
tional tasks may increase loading of the PFJt"°
and contribute to etiology or exacerbation of knee
conditions including PFJt pain.'*! Objective clini-
cal measures of frontal plane knee alignment are
important in identifying individuals who demon-
strate excessive knee valgus during functional tasks
as abnormal movement patterns can be recognized
and subsequent training and intervention programs
aimed at reducing frontal plane malalignment can
be evaluated.!* Two-dimensional video analysis may
be a cheaper, and easier to operate method com-

pared to established 3-D methods. However, the use
of 2-D video analysis as a clinical measurement tool
depends on the reliability and validity of the kine-
matic data it produces.

Supporting the authors’ first hypothesis, average 2-D
FPPA obtained from video analysis during single limb
stance (r = 0.64, p = 0.002) and single limb squats (r
= 0.78, p = <0.001) were consistent with 3-D FPPA
calculations of the same activities. During single limb
squats this equated to 2-D FPPA accounting for 61 % of
the variance in 3-D knee valgus. Similar associations
have been reported by McLean et al" who found that
2-D peak FPPA explained 58% to 64% of the variance
in average peak 3-D knee valgus between subjects
during side-step and side-jump activities. However,
these results are in contrast to Willson and Davis® who
reported small, non-significant correlations between
2-D FPPA and 3-D knee valgus angle (r = 0.21, p = .20)
during single limb squats.

Willson and Davis® suggest that the lack of asso-
ciation between measurements may be due to the
degree of knee valgus at which FPPA is recorded
during functional tasks. Both McLean et al* and
the present study recorded greater FPPA values
than those achieved by Willson and Davis®, indicat-
ing that FPPA was recorded at a point during the
functional task in which knee valgus was more pro-
nounced. Willson and Davis® recorded 2-D data at
approximately 55° of knee flexion, whereas McLean
et al'? obtained 2-D FPPA at the instance of peak
knee abduction, and the present study assessed 2-D
FPPA at 60° of knee flexion, which for many of the
subjects was the maximum achievable knee flexion
angle. Therefore, a threshold degree of knee flexion
may exist (possibly >55°) that when reached dur-
ing functional tasks compromises frontal plane knee
control and results in more pronounced knee motion
in the frontal plane. At the present time, it is unclear
whether such a relationship exists and whether
assessing frontal plane knee alignment when knee
valgus is most pronounced increases validity of 2-D
measures with more research needed in this area.

The second aim of the study was to assess within-and
between-session reliability and measurement error
associated with of 2-D video analysis. Measurement
of 2-D FPPA during single limb squats was found to
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have good within-session reliability (ICC = 0.86),
which is consistent with previous investigations by
Munro et al'* and Willson et al'® who reported ICCs
of 0.72 and 0.88 respectively when assessing within-
session 2-D FPPA during single limb squats. Good
within-session or intra-tester reliability achieved in
the present study is important as it gives an insight
into the accuracy of 2-D video analysis with poten-
tial random error associated with 2-D FPPA measure-
ments reduced if data are consistent. In addition,
between-session reliability in the current study was
good (ICC = 0.74) and similar to values reported
previously by Munro et al'* when assessing 2-D
FPPA during single limb squats (ICC = 0.80). Good
between-session ICCs indicates good test-retest reli-
ability and reproducibility of observed values when
2-D FPPA measurement is repeated over time.

The ICC provides an estimate of relative reliabil-
ity for consistency of 2-D FPPA measurement and
reflects the test’s ability to differentiate between par-
ticipants both within- and between sessions. How-
ever, the ICC does not provide information about
the accuracy of individual 2-D FPPA scores. The
standard error of measurement (SEM) is a measure
of absolute reliability that can be used to enhance
clinical decision making by quantifying the reliabil-
ity of 2-D FPPA scores within individual participants
on different occasions.*® SEM can communicate
measurement error associated with 2-D FPPA video
analysis in clinically useful terms as it is expressed
in the same units as the original measure. The pres-
ent study found within-session SEM values of 2° and
between-session SEM values of 4°.

To the author’s knowledge, the only comparable
study is by Munro et al,'* who reported similar SEM
values of approximately 3° when assessing between-
session reliability of 2-D FPPA during single limb
squats. The slightly higher SEM found in the cur-
rent study compared to Munro et al' is likely due
to factors such as marker placement error, data fil-
tering methods, and the increased possibility of
within-subject performance variation between ses-
sions. In addition, a Bland Altman plot was created
to assess agreement between 2-D and 3-D methods.
Upper and lower limits of agreement indicated that
variability in difference scores between 2-D and 3-D
FPPA measures fell within 5°, which has been sug-

gested to be a clinically acceptable range of error
when using standard goniometry.*

One of the limitations of this study is that the sam-
ple population were all recreationally active univer-
sity staff and students who were assessed during
single limb squats. The discrepancy in frontal plane
knee motion observed from this and other studies
suggests that FPPA is a measure that varies across
tasks and subject populations. Therefore, the results
may not differentiate between men and women or
be applicable to other populations such as elite ath-
letes, adolescent and older age groups, or individu-
als with lower limb injury. In addition, the present
study only assessed intra-rater reliability and may
not achieve the same levels of reliability if multi-
ple raters are used. Future studies should focus on
assessing 2-D FPPA reliability and validity in differ-
ent populations and include inter-rater reliability.

Another limitation of this study was that only the
dominant lower limb was assessed during single
limb squats. This decision was based on evidence
suggesting that the dominant limb displays more
high risk neuromuscular characteristics than the
non-dominant limb®® and may be more important
when assessing for excessive knee valgus. However,
it may be that both the dominant and non-dominant
limb is equally at risk of excessive frontal plane
motion associated with knee conditions such as PFJt
pain. During dynamic tasks the dominant limb may
be over-utilised and put under more strain, while
the non-dominant limb, may be being under-utilized
and made slightly weaker and more prone to exces-
sive knee valgus. Therefore, future research should
require experimenters to examine both lower limbs
when assessing frontal plane knee alignment during
functional tasks.

CONCLUSION

The results of the present study suggest that 2-D
video analysis is significantly correlated with 3-D
frontal plane measures during single limb squats,
and demonstrates good within- and between-session
reliability as well as acceptable measurement error.
Whilst 2-D FPPA may not be as accurate as 3-D anal-
ysis in quantifying each independent movement
that contributes to dynamic knee valgus, it may
provide clinicians with a useful tool that is portable,
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inexpensive and readily available that can be used
to assess frontal plane knee alignment during func-
tional tasks. Objective clinical assessment of lower
limb kinematics during dynamic tasks may identify
individuals who demonstrate abnormal movement
patterns that may lead to etiology of exacerbation
of knee conditions such as PFJt pain. The results
of this study may not be generalizable to all popula-
tions as it is unclear whether injury, age, or activity
levels may influence 2-D FPPA measurements. Thus,
these results may not be applicable to elite athletes,
adolescents, or patients from older age groups. Also,
only intra-rater reliability was assessed in this study;
further study on other populations and assessment
of inter-rater reliability is therefore required.
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